Abstract: Due to the heightened concerns of global environmental problems caused by the heavy use of fossil fuels, the sharp increase of energy use in the building sector has been recognized as an important environmental issue. One solution for efficient energy consumption in the building sector is building retrofits. This study proposes a two-stage integer programing model to select building retrofit materials and retrofit planning. The first model is based on a multi-objective optimization that derives an optimal retrofit strategy considering both energy savings and retrofit costs. Using the results of the first model, the second model finds an optimal retrofit plan to minimize losses for the building owner. Based on a real general hospital building in Korea, a simplified case building was used to verify the proposed models and for experimental analyses. According to the results of the second model, the building owner could adopt a building retrofit with less than 30-40% of the initial budget when compared to the total retrofit costs.
Introduction
Today, energy shortage problems are being highlighted as serious concern. The imbalance in power supply and demand should be taken into consideration to prevent serious damage such as large power outages. Most of these power problems are caused by failing to meet the peak-time power demand. Since it is very difficult to increase the power supply, power management at the demand side is required. Hardesty [1] provided global states of energy consumption where the United States' energy consumption rate in 1990 was high for transportation and industrial sectors, at 36%, and 33%, respectively. In residential and commercial sectors the consumption rate was low at 17% and 14%, respectively. However, in 2012, the transportation and industrial sectors decreased to 28% and 33%, respectively, while the residential and commercial sectors increased to 21% and 18% respectively. Furthermore, the European Union transport figures presented in Reference [2] showed that Europe's energy use by sector was highest in the residential sector at 38.8%, followed by transportation at 33%, and the industrial sector at 26%. In 2010, Korea used 22% of the total energy in building, and the average annual increase amounted to 2.6% [3] . In addition, the building sector accounts for 30% of global greenhouse gases emissions [4] . In Korea, 25.2% of greenhouse gases are generated in the building sector [5] . From this, we concluded that a proper methodology for managing the energy used in residential and commercial buildings was required.
Building retrofits, as a way to improve the energy performance of buildings, are being highlighted to manage energy use in buildings. Building retrofits can be defined as entire activities aimed to improve the energy performance of a building, and includes the replacement of facilities and insulation [6] . In particular, replacing building insulation can improve the energy performance of buildings in a more fundamental aspect. The characteristics of the external wall, roof insulation, and the type of glass used for windows can make a significant difference to energy consumption in buildings [7] [8] [9] .
Therefore, a study to calculate the energy usage in buildings by reflecting the characteristics of insulation requires finding an optimal combination of building retrofit materials. Furthermore, energy consumption in the building, as well as the total retrofit cost for the building retrofit, is important for the propagation of building retrofits.
However, the existing studies only consider the effects after the retrofit to choose optimal building retrofit materials, and ignore specific building retrofit planning [10, 11] . Detailed scheduling for building retrofits is required due to the lead time of a building retrofit. Considering that current commercial buildings are complex structures with many participants acting in the building, there are many constrains when applying building retrofits due to a specific building user's requests. Therefore, detailed building retrofit planning is more realistic than applying retrofit to the entire building at the same time.
In this study, we propose two models to derive the optimal retrofit materials and detailed retrofit planning. The first model is to optimally select building retrofit materials to improve the energy performance of the building. The second one is an optimal retrofit planning model to minimize losses for building owners. Therefore, the proposed models can encourage building owners to adopt the building retrofit activity and solve the energy shortage problem.
The rest of the paper is organized as follows. Review of existing studies for building retrofits is presented in Section 2 where various methodologies to solve the selection of construction materials are introduced. In Section 3, the optimal retrofit material selection model and optimal retrofit planning model are proposed. Experimental results and analysis are presented in Section 4. Finally, Section 5 concludes the paper by stating that the application of the proposed model can save both energy usage in the building and total construction costs.
Related Literatures
Many studies have been carried out on building retrofits that improve the energy performance of a building. The related studies can be categorized into two types of methods. The first one is to make retrofit candidate scenarios and check the effect of each scenario by using simulation models. The other method is to use optimization models to make a set of optimal retrofit materials for a building by reflecting the characteristics of each building. Some studies have proposed a hybrid of both methods.
Building retrofit action should be carried out very carefully due to impossible restoration, one of the most important characteristics of construction. There have been some studies on the effect of building retrofits. The most commonly used approach is the construction of simulation models based on an expert's decision. For instance, Xing et al. [12] applied the Heating, Ventilation and Air conditioning (HVAC) system to a specific hotel building and deduced the results using eQuest software. Peng et al. [13] proposed building energy performance checking models by using the Designer's Simulation Toolkit (DeST) under various conditions, and suggested effective energy saving methods such as adding extra external wall insulation, changing the type of external window, and introducing LED lighting for diverse building characteristics. Woo and Menassa [14] applied the virtual retrofit model to cope with threats like lack of budget, and the unstructured decision-making process in a smart grid environment.
To improve the energy performance of a building, defining the variables related to the energy characteristics of the building and constructing a proper management of the variables are important. There have been many studies on the effects of building retrofits using simulation models based on predefined sets of retrofit strategies. However, a simulation model with predefined sets leaves doubt as to whether an optimal retrofit strategy is adopted if the number of predefined alternatives is not large enough. When considering a large number of alternatives, the curse of dimensionality remains. Thus, our study focused on the replacement of building retrofit materials in a building by using an optimization model. The retrofit actions consisted of selecting external wall insulation, roof insulation, and external wall windows. Based on the characteristics of the buildings, the optimal combination of retrofit materials is selected by the first model, i.e., the retrofit material selection model.
The optimization model, especially in our study, was necessary to determine the materials and retrofit actions under various constraints, while a simulation model requires a pre-defined set of decisions which are very difficult to find in advance. In the multi-objective optimization model, it suggested Pareto optimal by making a trade-off between several objectives, which could be helpful to decision makers. There are many studies that have used the multi-objective optimization model for building retrofits. Asadi et al. [15] presented a multi-objective optimization model to minimize energy usage in buildings and simultaneously maximize the building user's comfort level. Kumbaroglu and Madlener [16] suggested a solution for improving the energy performance of a building by using an economical evaluation method for technical factors of building retrofits by using a multi-objective optimization model. Diakaki et al. [6] developed an optimization model for understanding the effect of external wall thickness to retrofit effect, and Privitera et al. [17] investigated the effect of renewable energy on a building retrofit for reducing CO 2 emissions while considering the retrofit cost and environmental impacts.
Some studies have suggested that the multi-objective optimization model for considering the lifecycle of retrofit materials in buildings. Brás and Gomes [18] dealt with external wall insulation selection while considering the environmental impact of insulation materials. As per the result of insulation material selection, CO 2 emissions decreased by 30% and the total energy usage amount also decreased by 20%. Dong et al. [19] considered the environmental impact and economics simultaneously to decide on proper action between applying the retrofit and reconstruction. The analysis of the effects of a single retrofit was also one of the most popular research topics such as the effects of replacing windows (either external or internal), the use of green roofs, the selection of internal walls, or the selection of ventilation methods [20] [21] [22] [23] [24] .
Since the optimization model has some disadvantages when reflecting deterministic circumstances and has a computational time problem, heuristic methods were developed to solve multi-objective optimization model. Lu et al. [25] developed an NSGA-2 model for introducing a renewable energy system for buildings and compared it to a single-objective optimization model for model validation. Malatji et al. [10] suggested a multi-objective optimization model for maximizing energy savings in buildings, and minimizing the return period of the initial budget with the genetic algorithm. Asadi et al. [26] proposed an energy consumption prediction model through an artificial neural network and genetic algorithm to solve the multi-objective optimization problem.
A hybrid method to incorporate the advantages of both the emulation and optimization models was proposed as the HVAC system of Balocco and Marmonti [27] , who analyzed energy using patterns in buildings and a glass roof for effect analysis. For the hybrid system, Asadi et al. [28] used the TRNSYS simulation program and optimization model to reflect the characteristics of various external wall insulation, roof insulation, window, and solar energy collector for minimizing the retrofit cost and maximizing energy savings. Additionally, Koo and Hong [29] employed a case-based reasoning method for building retrofits to examine the energy performance of buildings per building status and derived an energy performance curve. In addition, due to the nature of construction, delays inevitably occur, so the task completion may not occur within the specific contract period. Interestingly, Kao and Yang [30] investigated the delays in construction sites to analyze the causes in real time.
Although the optimization model has a few disadvantages, it can extract the optimal solution much quicker than other methods. From the literature review, we can see that multi-objective optimization models are very helpful for decision makers when deciding on the most efficient retrofit strategy based on the judgment of energy experts. Furthermore, most studies related to retrofit material selection analyzed the effect of the retrofit based on the effect of the retrofit only after the completion of construction. Therefore, situations during construction cannot be included in this model, which led to a large amount of burden on the decision-maker, who was the building owner in this case. Additionally, it is difficult to say that the previous studies reflected the retrofit strategies comprehensively. Furthermore, users and owners are usually different in commercial buildings. However, the building owners pay for the building retrofit, but all advantages from the building retrofit go to the building users as the building retrofit reduces operational costs. This strange profit-sharing structure is an important obstacle in implementing building retrofits. In this study, we proposed two mathematical models using integer linear programming. The first model solved the problem of selecting the optimal building construction materials that maximized a building's energy saving and minimized the building retrofit cost. Furthermore, based on the first model's results, the second model decides an optimal construction period using the construction materials and building floors to consider individual construction planning in order to minimize the building owner's loss. We expect that with the results of our study, more building owners will adopt building retrofits and achieve a higher level of energy saving.
Mathematical Models
In this section, we present two mathematical models for applying retrofits to existing buildings. The first model selects the optimal retrofit materials to be used for the building retrofit and the second one derives the optimal building retrofit planning for each floor and the retrofit materials. Both models are based on integer linear programming.
Retrofit Material Selection Model
This model selected the most appropriate materials for a building retrofit from the sets of external wall windows and insulation, roof insulation, and solar energy collectors. The energy collected from solar energy collectors heats the water used in the building. The model estimated the energy consumption before and after the building retrofit as well as the retrofit cost to find the optimal combination of retrofit materials. The formulas for calculating energy use in the building were based on the work by Asadi et al. [15] .
Decision Variables
When examining the sources of energy consumed in a building, the lack of insulation capability is one of the critical sources along with the energy used by electrical equipment. Therefore, it is important to take insulation capability into consideration for the model. In this study, the types of window, external wall insulation, and roof insulation of a building were considered as the basic decision variables. Additionally, the types of solar energy collectors were considered for the hot water used in a building. These decision variables are as follows:
• , and x sc l , presented below to select optimal retrofit materials with I alternative types of window, J alternative types of external wall insulation, K alternative types of roof insulation, L alternative types of solar collector respectively are defined as Equations (1)- (4).
Sustainability 2017, 9, 2087 5 of 18
Energy used in the building was calculated by the retrofit materials and classified into three categories: (1) energy for space heating; (2) energy for space cooling; and (3) energy for hot water supply. Total energy consumption in the building was calculated by adding three energy categories. The detailed formulas for each energy consumption category are presented in the following sections.
Energy Saving
In this study, the amount of energy saving, ES was calculated by subtracting the energy consumption before and after the retrofit. The formula is presented in Equation (5).
where E pre is the energy consumption amount before the building retrofit; and E post is the energy consumption amount after the building retrofit. In this study, the energy consumption of a building was classified into three categories, and the total energy consumption is defined as Energy Use, as shown in the equation below.
where EU is the energy use in building; E H is the energy for space heating to cover heat loss through insulation; E C is the energy for space cooling to cover heat inflow through insulation; and E HW is the energy for hot water boiling. Energy for space heating is defined as Q H (x), where x denotes the decision variables above-mentioned. Total energy for space heating is presented as Equation (7). Heat loss through heat conduction, ventilation, and the amount of heat gain was considered when computing the energy for space heating. Equations (8)- (10) compute the heat loss through heat conduction; the building energy load coefficient; heat loss through ventilation; and the heat gain from inside of the building, respectively. • q i : Heat generated from inside (W/m 2 )
The energy for space cooling is presented as Q C (x) and the total energy for space cooling was calculated using Equation (12) . Heat gained from the external wall, heat generated inside, and heat gained through ventilation were considered. Equations (13)- (15) denote three main causes for space heating: heat gained from the external wall, heat generated inside, and heat gained through ventilation, respectively. (16)- (18). Equation (16) indicates that the energy for hot water was obtained by subtracting the energy generated by the solar energy collector from the total energy demand for hot water supply.
Building Retrofit Cost
The building retrofit cost is the total cost for replacing construction materials. In general, the cost is proportional to the size of the construction unit as shown in Equation (19) . 
Model Formulation
We present a multi-objective optimization model with the decision variables and constraints as defined below.
The weighted-sum method was applied to transform the multi-objective optimization model to a single-objective one to find the optimal combination of construction materials. Based on the amount of energy saved and the total retrofit cost, the second model found the optimal retrofit period by each floor and construction material. ILOG CPLEX STUDIO 6.0 was used to derive the solution.
Retrofit Planning Model
The optimal retrofit planning model determined the most efficient way to apply the building retrofit plan for each construction material and floor. The total amount of energy to be saved and the total retrofit cost derived from the first model were used for optimal retrofit planning. 
Model Formulation
The objective was to maximize energy saving profits for the end of the planning horizon to minimize the building owner's loss. In building construction, construction delays frequently occur. To deal with delays in construction, we used a penalty function instead of the construction lead time constraint. In addition, since the building owner uses the space of the building to generate revenue, the proposed model reflected an idle penalty for the unused building space. Our retrofit planning model assumed that the building owner could obtain profits from energy savings and reinvest the profit, which resulted in reducing the total retrofit cost. We developed two scenarios to allocate the initial budget: (1) make the initial budget equal to the total retrofit cost; and (2) make the initial budget less than the total retrofit cost and proceed to build the retrofit gradually. The retrofit planning model was formulated as follows: <Nomenclature> 
Equation (24) is the objective function to maximize the profit at the end of the planning horizon. Equation (25) reflects the construction delay. Equation (26) denotes the idle penalty due to construction which reflects the value of the building. Equation (27) presents a single construction constraint for each floor and construction material. Equation (28) denotes the construction for the windows and external wall insulation that must be completed for each floor. Equation (29) is the precedence constraints for the building construction and energy savings. Equations (30) and (31) indicate the limitations for the construction budget.
Experimental Analysis and Results
For the experiments, a case building was used to analyze the effect of the retrofit actions. The case building was designed by simplifying the actual building. For ease of analysis, the building was divided into two parts, the lower and upper parts to reflect various characteristics. Table 1 . The case building was a simplified version of the actual building in Seoul, Korea, which was a general hospital. It had an excessive energy consumption problem and also had various situations to analyze the effects of a building retrofit. It is 10-story building with different features of both low-rise and high-rise areas, which was suitable for analyzing the effect of area differences. Table 1 . The case building was a simplified version of the actual building in Seoul, Korea, which was a general hospital. It had an excessive energy consumption problem and also had various situations to analyze the effects of a building retrofit. It is 10-story building with different features of both low-rise and high-rise areas, which was suitable for analyzing the effect of area differences. 
. Types of Retrofit Materials
For the optimal retrofit material selection model, the specifications for windows, external wall insulation, roof insulation, and solar energy collector are presented in Tables 2-5 . The experiments were conducted by using data from Reference [15] . 
Types of Retrofit Materials
Results

Results of the Retrofit Material Selection Model
The optimal retrofit materials selected using the retrofit material selection model reflected the characteristics of the retrofit materials and the case building. Table 6 presents the results of the retrofit material selection model by considering both the energy savings and retrofit cost.
The energy savings and retrofit cost for each floor and retrofit material were calculated for the selected retrofit materials. Tables 7-10 present the profits from energy saving and the retrofit cost for each selected retrofit material. This dataset was used to find the optimal retrofit planning. Table 11 presents the energy saving amount and total retrofit cost for the case building. The energy usage of the case building was 377,000 kWh before applying the retrofit. After applying the building retrofit, 58,910 kWh of energy was saved, which is approximately 15-16% reduction in annual energy use. The total retrofit cost was about 40 million won. Our model considered both the floor and retrofit material for building retrofit planning while previous models only considered the effects of the retrofit after construction was completed. This provided meaningful benefits to both the building owners and users when the retrofit was applied to residential buildings as a building has both users and owners who are usually different. An owner always has some burden in the retrofit and the users demand it whenever it is needed. The proposed retrofit planning model could deal with conflicts between the building owners and users by reinvesting the profits from energy saving through the retrofit. The reinvesting mechanism reduces the burden of the building owner by decreasing the initial investment budget. Tables 12-15 present the results of the retrofit planning model. The horizontal axis denotes time periods and the vertical axis denotes floors. The asterisk (*) in a cell indicates the starting period of the building retrofit for the corresponding floor. The initial budget was reduced to 25 million won, which was more than 35% of the total retrofit cost obtained from the retrofit material selection model. Due to the idle penalty, the retrofit of windows and external wall insulation proceeded at the same time. If the idle penalty was not considered, the retrofit starting period for the windows and external walls could be different, but leads to additional losses for the building owner. In the next section, the effect of the initial budget is analyzed. Table 16 presents the profit and net profit at the end of the planning horizon for the different initial budgets. The profit increased at a steeper rate than the net profit, which meant that the effect of the initial budget during the retrofit period was not critical when the return of initial budget was considered. For a more accurate analysis of the relationship between the initial budget and net profit, the increasing rate of net profit and the increasing rate of the budget are presented in Table 17 . The initial budget increased by 28% from 25 million won to 32 million won, while the net profit increased only 20%. Similarly, the initial budget increased by 25% from 32 million won to 40 million won, while net profit increased by only 19%. The results showed that the effect of investing initial budget decreased. Figure 2 graphically presents the profit and net profit changes for the different initial budgets. Figure 2a assumes that the building owner could proceed with the retrofit without any loans. In this case, the profit and initial budget showed a strong positive correlation. However, in the case of Figure 2b , which assumed that the building owner must pay the initial budget back, the net profit and initial budget showed a weak positive relation when compared to Figure 2a . Figure 2 graphically presents the profit and net profit changes for the different initial budgets. Figure 2a assumes that the building owner could proceed with the retrofit without any loans. In this case, the profit and initial budget showed a strong positive correlation. However, in the case of Figure  2b , which assumed that the building owner must pay the initial budget back, the net profit and initial budget showed a weak positive relation when compared to Figure 2a . Under the assumption that the building owner paid back the initial budget, we defined the marginal asset effect, which denotes the net profit increase for the initial budget. As the initial budget increases, the marginal asset effect decreases, which indicates that larger initial budgets have fewer impacts on return on investment. Figure 3 shows the peak point of the marginal asset effect is located where the initial budget is 30 million won, rather than the initial budget of 40 million won. Therefore, the building owner does not need to invest the entire retrofit costs at once and can proceed with the building retrofit with a 25-37.5% reduced amount of budget under the results of the optimal retrofit planning model.
In short, the results showed that the net profit became larger when the initial budget was less than the cost of the total retrofit. However, the profit was higher when the initial budget was equal to the total retrofit cost. Thus, it was necessary to analyze the break-even points for both cases where the initial budget was less than the total retrofit cost and equal to the total retrofit cost. Figure 4 presents the results of the break-even analyses for both cases. The results showed that the recovery period of investing a reduced initial budget was an 18.5-unit period and the recovery period of investing the total retrofit cost was a 16-unit period. Considering that the total revenue per unit period after the completion of the building retrofit was about 4 million won, the difference of the break-even point for both cases was acceptable. Under the assumption that the building owner paid back the initial budget, we defined the marginal asset effect, which denotes the net profit increase for the initial budget. As the initial budget increases, the marginal asset effect decreases, which indicates that larger initial budgets have fewer impacts on return on investment. Figure 3 shows the peak point of the marginal asset effect is located where the initial budget is 30 million won, rather than the initial budget of 40 million won. Therefore, the building owner does not need to invest the entire retrofit costs at once and can proceed with the building retrofit with a 25-37.5% reduced amount of budget under the results of the optimal retrofit planning model. In short, the results showed that the net profit became larger when the initial budget was less than the cost of the total retrofit. However, the profit was higher when the initial budget was equal to the total retrofit cost. Thus, it was necessary to analyze the break-even points for both cases where the initial budget was less than the total retrofit cost and equal to the total retrofit cost. Figure 4 presents the results of the break-even analyses for both cases. The results showed that the recovery period of investing a reduced initial budget was an 18.5-unit period and the recovery period of investing the total retrofit cost was a 16-unit period. Considering that the total revenue per unit period after the completion of the building retrofit was about 4 million won, the difference of the presents the results of the break-even analyses for both cases. The results showed that the recovery period of investing a reduced initial budget was an 18.5-unit period and the recovery period of investing the total retrofit cost was a 16-unit period. Considering that the total revenue per unit period after the completion of the building retrofit was about 4 million won, the difference of the break-even point for both cases was acceptable. 
Conclusions
This study dealt with building retrofit planning, one of the methods used to solve the current power problems by improving the energy performance of existing buildings. Two mathematical 
This study dealt with building retrofit planning, one of the methods used to solve the current power problems by improving the energy performance of existing buildings. Two mathematical models were proposed in this study. First, the retrofit material selection model, based on multi-objective optimization, was developed to consider both the energy savings and retrofit cost of the building retrofit materials. Second, the retrofit planning model was proposed to minimize losses to the building owner by applying the retrofit action in stages.
Previous studies have not accurately reflected real retrofit circumstances as they only considered the effect of the building retrofit after the construction was completed. These studies assumed the application of the building retrofit to the entire building at once, and ignored the relationship between the building owners and building users. This led to disharmony in the profit-sharing structure between the building owners and building users, one of the most important issues for building retrofit. The building owners must pay for the building retrofit to improve the energy performance of their buildings; however, the profit from the building retrofit goes to the building users who use the building space for a certain period of time. Thus, we suggested a retrofit planning model that incorporated specific planning for each retrofit material and floor to minimize the building owner's loss by reducing the initial budget. Using the retrofit planning model, the adoption rate of building retrofit can be increased by creating a virtuous cycle of the profit.
The experimental results using the simplified case building showed that the profit of the building retrofit was linearly increased with increases in the initial budget. However, if the payback of the initial budget was considered, the increasing rate of net profit decreased significantly. The results of the retrofit planning model showed that the building retrofit action could be applied with about a 40% reduction of the initial budget. Additionally, we evaluated the marginal asset effect to analyze the relationship between the initial budget and net profit. The results showed that adoption of the building retrofit with a reduced initial budget was more efficient in terms of net profit increase. Furthermore, the break-even analysis showed that the difference of the return period of the initial budget was not significant based on the revenue per unit period. This reduces the burden on the retrofit cost, which has been a big obstacle to adopting building retrofits and we can expect an increase in the adoption rate by using the proposed models. The results of the study could justify increasing the rent of the building due to a reduction in building operating costs. In addition, as mentioned in Reference [31] , energy efficiency measures can affect the economic value of building. Through building retrofits, the building owner can earn more profit, and tenants can save on operating costs. The other important factor is that with building retrofits, the appearance of buildings can become better, which increases the social surplus in lagging regions, especially in Korea.
In future study, the optimal budget planning for building retrofits is needed. An efficient budget planning will increase the adoption rate of building retrofits when combined with the national subsidy system. Furthermore, we can consider the value increase of buildings after adopting building retrofits to reflect future profits for the building owner.
